Geckos have extraordinary ability to move on vertical surfaces and ceilings. The secret of the climbing ability stems from their foot pads, a special hierarchical hairy structure. Mimicking such structure would lead to dry adhesives for many applications. Recent experiments showed that the adhesion of multiwalled carbon nanotubes is larger than that of a gecko foot-hair. To explore the adhesive mechanisms of the nanotubes, we have developed a multiscale approach to simulate the adhesion process of carbon nanotubes. A molecular dynamics method is used to simulate the deformation and damage of the nanotubes when contacting with a rough surface at atomic scale. A coarse graining method is developed to predict the interactions and adhesion of a larger scale nanotube array. The parameters used in the coarse graining method are determined by the detailed molecular dynamics. The preliminary results show that the nanotube bending under preapplied pressure increases the contact area and therefore enhances the adhesion. The nanotube breakage during pre-loading will reduce the adhesion in post cycles. These results are consistent with experiments found in the literature.
INTRODUCTION
The remarkable ability of geckos to climb on vertical walls and ceilings has been an interest of scientific studies for over a century. Only recently, people have demonstrated that the main mechanism for adhesion relies on the submicron features (spatulae on setae) covering geckosí feet and their van der Waals interactions with target surfaces [1] [2] [3] . Van der Waals interactions are ubiquitous in nature, though it is one of the weakest of the known forces between atoms and molecules. When acting collectively, van der Waals forces can provide significant cohesive forces within solids as well as adhesive forces between solids. This is skillfully exploited by geckos that use van der Waals interactions in their feet for adhesion to various surfaces. The structure of the geckoís foot has evolved into a multilevel hierarchical system consisting of nearly 500,000 keratinous fibrils called setae and their nanosized branches called spatulae. The hair found in geckosí feet contains spatulae made of keratin at the tip of each seta, with each spatula 100ñ200 nm in size. The van der Waals interactions in this case outweigh the effect of capillary forces, and generate a formidable adhesive strength of 10 N/cm 2 regardless of the hydrophobicity of the target surfaces [1ñ6] . Mimicking such pads could lead to dry adhesives which have many applications, such as in microelectronic devices and climbing robots.
Inspired by the understanding of adhesion mechanisms of gecko foot hairs, researchers have made efforts to fabricate synthetic gecko foot hairs with polymeric materials [7] [8] and have achieved a maximum adhesive strength around 3 N/cm 2 [8] . Carbon nanotubes have diameters ranging from a few nanometers for single-walled carbon nanotubes (SWCNTs) to a few tens of nanometers for multiwalled carbon nanotubes (MWCNTs). They are shown to have extraordinary mechanical, electrical, and thermal properties. MWCNTs can bend repeatedly with large deflections without failure [9] in sharp contrast with inelastic deformations and bunching of polymeric materials [7] [8] . Yurdumakan et al. [10] measured the adhesion of MWCNT arrays on PMMA using atomic force microscopy (AFM) and showed that the adhesion force is over 200 times higher than that of gecko foot pads. Zhou et al. [11] fabricated vertically aligned MWCNT arrays and demonstrated the van der Waals interactions originated dry adhesion between MWCNT array surfaces and various target surfaces over millimeter-sized contact areas. The adhesive strengths were measured over 10 N/cm 2 in the normal direction and about 8 N/cm 2 in the shear direction with glass surface. This demonstrates that carbon nanotubes are promising for the fabrication of dry adhesives with strong adhesion.
Theoretical analyses have also been made on the adhesion of gecko foot hairs to explain why the hairs have such extraordinary ability in climbing, including the hierarchal structure [12] , anti-bunching [13] and detachment [14] . These analyses provide general guidelines for the design of artificial gecko-inspired adhesives. However, due to lack of tools, the complex interaction between the hierarchical hairs, which may play an important role in adhesion, has not been explored. In this paper, we have developed a multiscale modeling approach to analyze the complex tube-tube interaction in carbon nanotube arrays. We demonstrated that nanotube buckling increases the adhesion while the tube-tube interactions reduce the cyclic adhesion of the nanotube arrays.
MODEL DESCRIPTION

Fully atomistic simulation of single nanotubes
The molecular dynamics (MD) method was used to simulate nanotube buckling and interaction with substrates for a variety of geometries at near-zero temperature. Ideal single-wall carbon nanotubes in the armchair configurations were generated by setting a bond distance of 0.142 nm in a graphitic lattice, and a wall spacing of 0.344 nm. Nanotubes with diameter d=0.55 nm and different aspect ratios were used for most of the calculations. The forces on the atoms were calculated using an analytic Reactive Empirical Bond-Order potential developed by Brenner [15] coupled to a long-range LennardñJones potential for the inter-wall coupling, as described in detail elsewhere [16] . This many-body potential has been extensively used to study the mechanical properties of carbon nanotubes and has been shown to provide reasonable predictions when compared against methods derived from ab initio calculations. The entire nanotube was then relaxed via MD under zero applied loads.
To simulate buckling, a nanotube is placed perpendicular to a ground (carbon materials). The interaction potential between the carbon atoms in the nanotube and the ground is described by an analytical formula:
, where r is the distance between the atom and ground surface, A and B are the parameters in the LennardñJones potential, and ρ c is the atom density of the ground material. The four rings at the top of the nanotube were displaced downward rigidly as a unit (compression of the tube) in displacement increments of 0.02 ≈. After each imposed increment, the structure was relaxed to equilibrium at a temperature of 0.05K. We then measure the applied compressive force F using end atoms and calculate the compressive stress as / F A σ = t , where A t is the effective cross section of the tube, A t =πdδ with δ the nominal interwall spacing. We define the buckling strain and load at the point where the load attains a maximum value and we verified the buckling distortion at this point by visual examination of the tube structure.
Large-scale simulation of nanotube arrays
Synthetic dry adhesives may consist of millions of single nanotubes. These nanotubes interact with each other when contacting a substrate, which could significantly affect the adhesion behavior. To simulate the nanotube arrays and their interactions we have developed a large-scale model, as schematically shown in Figure 1 (a). The model contains a number of nanotubes distributed hexagonally. The tube-tube and tube-ground interactions are realized by van der Waals force. Periodical boundary conditions are applied on the nanotube array. The end at the top of nanotube array is held rigidly and pushed downward so that the other end of the array contacts the flat ground. The nanotube array is then pulled upward, separating from the ground. The force is measured during the preloading and unloading. The nanotube array here could be modeled in a fully atomistic way, as described in the previous section, but such simulation would be very expensive and time-consuming. We therefore developed a simple bead model to represent the fully atomistic nanotubes to reduce the complexity and computational time. Each bead in the model represents a small segment of nanotube, as shown in Figure 1(b) .
From the viewpoint of molecular dynamics, the general expression of total steric potential energy is a sum of energies due to valence or bonded interactions and nonbonded interactions
where the first three terms on the right-hand side are energies for axial tension, bending, torsion, respectively, and the last term is the energy of non-bonded interaction. k s , k b and k t in Equation 1 are the spring, bending and torsion constants, respectively. From a structural mechanics viewpoint, the deformation of a space frame results in the change of strain energy. Since the nanotubes are round cross-section, only three stiffness parameters, i.e., tensile stiffness (EA), bending stiffness (EI) and torsional rigidity (GJ), need to be determined for deformation analysis. A direct relationship between the structural mechanics parameters and the molecular mechanics force field constants can be established [17] , i.e., 
The non-bonded energy U v in Equation 1 includes the interactions between the tubes, and tubes and ground. To simplify the calculation, we assume the ground is flat graphitic material, as schematically shown in Figure 2a . For a nanotube with length L and radius R, the non-bonded energy can be calculated by integrating the Lennard-Jones potential: 
where D is the distance between the bead (tube segment center) and ground and α is the angle between tube and ground, and ρ w and ρ c are the atomic density of ground and tube, respectively. Equation 3 can easily be evaluated by Gauss integration.
The tube-tube interaction can be calculated in the same way as the tube-ground interaction. However, the formula becomes too complicated and time-consuming if the Gauss integration is applied in this case. Using fully atomistic simulation, as described in the previous section, we found that the tube-tube interaction force can be well approximated by
where C is the factor determined from the fully atomistic simulation, and D x and D y are the distance between the tube and the bead, as schematically shown in Figure 2b .
RESULTS AND DISCUSSION
The deformation and adhesion force of single carbon nanotubes were calculated using the fully atomistic model. Figure 3 shows the force and deformation of the nanotubes during pre-loading and unloading. The nanotube deforms elastically at the beginning of the preloading (Figure 3a) . After the force reaches a maximum value, it quickly decreases due to the nanotube buckling (Figure 3b) . With further preloading, the nanotube shows local buckling and damage (Figure 3c ). The local buckling could recover after unloading if the damage is not severe (Figure 3d,e) . So, the nanotube buckling and local damage are the major issues that affect the interface force and adhesion between the tube and ground. Also, after buckling, the nanotube end will slide along the interface; the distance of the sliding depends on buckling and pre-loading. The sliding will provide the chance to interact with other nanotubes in nanotube arrays.
To simulate the deformation and interaction of large-scale nanotube arrays, we use the bead model which contains 100 nanotubes (10x10). The mechanical properties of the nanotubes (beads) were determined by the fully atomistic model. In order to make sure that the bead model works well, and to match the results from the fully atomistic simulation, the single nanotube represented by the beads was deformed and compared with the fully atomistic model. Figure 4 shows the adhesion force per tube as a function of preloading (strain). At very small preloading, the nanotube array deforms elastically; the adhesion is independent of preloading. With increasing pre-strain, the adhesion force increases and then reduces after reaching a maximum value. These results are consistent with the experimental data [11] . To understand why the adhesion force increases with the preloading, we have analyzed the nanotube array deformation after preloading. The deformation at different stages is also shown in Figure 4 . As can be seen in Figure 4(a) , the nanotube array is still in order except at their ends where the nanotubes are curved by the ground and tube-tube interaction. The curved nanotubes have more contact area on the ground and therefore the adhesion is enhanced. At intermediate preloading, the nanotubes tangle with each other even after loading ( figure 4(b) ). However, when the preloading is too high, some damaged nanotubes are clearly seen, as shown in Figure 4 (c). These damaged nanotubes are not a contact with ground, and the adhesion force reduces. Of interest is the reusability of the dry adhesives. For example, if the dry adhesives are applied to climbing robots as attachment devices, the adhesives will repeat attachment and detachment during the robot movement. In other words, the cyclic attachment properties are important to such applications. We have use the bead model to simulate the cyclic deformation and adhesion. Mimicking robot climbing, the nanotube arrays were repeatedly attached on and detached from a graphitic surface and the adhesion force was calculated at each detachment step. Figure 5 shows the adhesion force change at each step. For a nanotube array with a length of L=40 nm, the adhesion decreases very slowly with the steps. The adhesion for L=80 nm however increases at the first and second steps and then decreases more quickly than that for L=40 nm. Such phenomena were observed in the experimental work on carbon nanotube arrays contacting with glass [11] . The observed phenomena are attributed to the nanotube interactions within the arrays. As mentioned before, the nanotubes will deform and slide on the ground along lateral directions during the first attachment step. The deformed nanotubes will attract each other due to van der Waals interaction to form a tangled nanotube layer. This tangled layer will not turn back to its original form during detachment. Instead, it will be reinforced by the re-attachment at the next step. As a result, some nanotubes will be locked in the layer and lose contact with the ground. The adhesion force therefore decreases with the attachment cycles. Obviously, the longer the nanotube array is the stronger the effect of tube-tube interaction is.
To avoid the nanotube tangling and improve the adhesion of cyclic attachment, one could use a hieratical structure or tilted (curved) fibers. Such features are commonly seen in gecko and insect foot hairy structures, and might provide a general solution to the problem. We are working on such unusual fibrillar nanostructures and the results will be published elsewhere.
CONCLUSIONS
A multiscale modeling approach has been developed for analyzing the adhesion of fibrillar nanostructures. This approach allows us to simulate complex fiber-fiber interaction, deformation, buckling and failure of CNT arrays, which are difficult to be included the analytical form. The simulation results show that the adhesion behavior of nanotube arrays is significantly affected by the fiber-fiber interactions. The adhesion increases to a maximum value and then decreases with increasing pre-loading. Under cyclic pre-loading and unloading the adhesion increases at the first two steps and then decreases. The simulation results are consistent with the experimental work found in the literature.
